Xenopus
Introduction
Retinal ganglion cells (RGCs) transmit visual information from the retina to the brain. Appropriate morphological differentiation of RGCs is critical for their function: several branched dendrites form intraretinal synapses with amacrine and bipolar cells, while the long axon extends to contact its target in the midbrain. Similar to axon development, extrinsic factors help shape dendritic arbours (Furrer et al., 2007; Gascon et al., 2006; Suli et al., 2006; Whitford et al., 2002) . However, little is known about the cues that promote RGC dendrite extension, branching and guidance, and whether they are the same factors, used in a similar or different manner, as those directing RGC axon growth and guidance (Erskine and Herrera, 2007) .
Xenopus laevis provides a good model to study the axonal and dendritic development of RGCs in vivo because of the ease 0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2009.11.002 with which one can label cell morphology and manipulate gene expression in single cells. Adhesion molecules and growth factors are important for the initiation of Xenopus RGC dendrites (Hocking et al., 2008; Lilienbaum et al., 1995; Riehl et al., 1996) , while growth factors and neuronal activity regulate branching of the well-established dendritic arbour (Chalupa and Gunhan, 2004; Cohen-Cory and Fraser, 1994; Lohmann et al., 2002; Lom et al., 2002; Lom and Cohen-Cory, 1999; Wong and Ghosh, 2002) . Here, we establish a role for Slit/Robo during the intermediate stage of initial primary dendrite branching.
The secreted glycoprotein Slit serves as a midline repellent for Robo-expressing axons (Dickson and Gilestro, 2006) . The vertebrate nervous system expresses three slit and three robo genes in distinct patterns Erskine et al., 2000; Lee et al., 2001; Yuan et al., 1999) . While Robo1 and Robo2 each act as Slit receptors, Robo3 inhibits Robo1 signalling in pre-crossing commissural axons (Jen et al., 2004; Sabatier et al., 2004) . Notably, Slits have wide use as repellents, but can also act as branching factors for sensory axons Yeo et al., 2004; Ma and Tessier-Lavigne, 2007) .
Slit/Robo controls both the guidance and branching of RGC axons (Niclou et al., 2000; Campbell et al., 2007; Erskine and Herrera, 2007; Plachez et al., 2008) , and we know that axon guidance molecules also sometimes function in the orientation, extension, and branching of dendrites (Furrer et al., 2003 (Furrer et al., , 2007 Polleux et al., 2000; Suli et al., 2006; Whitford et al., 2002) . In fact, in Drosophila Slit/Robo signalling guides both the axons and dendrites of motoneurons (Furrer et al., 2003) , and branching of the dendrites of complex multi-dendritic neurons (Dimitrova et al., 2008) . Slit/Robo could similarly guide Xenopus RGC dendrites as slit2 is expressed in amacrine cells, towards which developing dendrites extend (Chen et al., 2000) . Indeed, we find that RGCs express robo2 and robo3 at the time dendrites extend. Interestingly, our data with Robo2 and Robo3 inhibition indicate that Slit/Robo signalling does not control the guided growth of RGC dendrites and instead regulates branching. Moreover, while Robo3 functions alongside Robo2 in axons to promote axon interactions and guidance, it plays little or no role in RGC dendrites. Thus, our results show that Xenopus RGC axons and dendrites both respond to Slit/Robo, but in different manners perhaps dictated by distinct combinations of Robo receptors.
Results

Expression of slit and robo genes in the developing Xenopus retina
To determine if Slit/Robo signalling is important in RGC dendrite development, we first evaluated which slit and robo genes are expressed in the retina during the main period of RGC axon and dendrite initiation, extension and branching. It is known that slit2 is expressed in the Xenopus INL when the dendritic arbour has already formed (stages 40 and 45) (Chen et al., 2000; Piper et al., 2006) , and that robo2 is expressed by RGC axons after they reach their target (Piper et al., 2006) . To further examine the spatial and temporal expression patterns of these two genes, and other family members, an in situ hybridization analysis was carried out on Xenopus embryos. Importantly, RGC axon initiation begins at stage 28 and dendrite initiation at stage 30/31, and both types of process have contacted their targets by stage 40 (Holt, 1989) .
X. laevis slit1 and slit2 (Chen et al., 2000; Li et al., 1999 ) and robo1-3 were used as templates to generate antisense riboprobes for wholemount in situ hybridization on embryos between stages 28 and 40. Of note, slit3 has not yet been identified in Xenopus. Sections through wholemount embryos show that both slit1 and slit2 mRNA are expressed in the retina (Fig. 1) . Light slit1 label is evident in the ganglion cell layer (GCL) of the retina from stages 30-35/36 (Fig. 1A , C and E), but diminishes by stage 37/38 (data not shown). Slit2 mRNA expression is distinct from that of slit1 mRNA (Fig. 1B, D and F) . From stage 28 (Chen et al., 2000) through to stage 35/36, there is slit2 expression in the proliferating periphery of the retina (Fig. 1B, data not shown) . At stage 35/36, central retinal label appears in the inner part of the INL, where amacrine cells reside (Fig. 1B) . By stage 37/38 ( Fig. 1D and F) , the INL expression has spread peripherally, while the ciliary marginal zone (CMZ) label has disappeared, consistent with the pattern previously reported at stage 45 (Chen et al., 2000) .
The expression patterns of robo1-3 mRNA were also investigated. While robo1 mRNA is strongly expressed in parts of the brain as well as in the otic vesicle and branchial arches ( Fig. 2A) , no retinal expression was detected from stage 33/ 34 to stage 40 (Fig. 2D , E, data not shown). Retinal labelling for robo2 mRNA is first detected at stage 32, with weak expression spread across the width of the central/dorsal retina (data not shown). This resolves into distinctly vibrant GCL expression at stage 33/34, although robo2 mRNA is also present in the other developing retinal layers (Fig. 2F ). Robo2 expression in the GCL remains strong at stage 37/38 (Fig. 2G) , and is still present at stage 40 (data not shown). In accordance with the mRNA expression pattern, a human Robo2 antibody labels RGCs in the GCL, as well as their axons in the optic nerve, and some processes in the IPL that appear to be RGC dendrites (inset in Fig. 2H) .
A Xenopus robo3 containing the full coding region was cloned using 5 0 and 3 0 rapid amplification of cDNA ends (RACE). When compared to the X. tropicalis robo3 sequence, the isolated X. laevis robo3 cDNA had a longer 3 0 end, but alignment over the length of the X. tropicalis robo3 showed 89.1% identity at the nucleotide level and 90.7% identity of the predicted amino acid sequences. While robo3 mRNA is expressed strongly in various neural tissues (Fig. 2C , data not shown), expression in the neural retina is weak and transient. Sections through the retina reveal strong lens expression as well as light staining in the GCL that is present as early as stage 32 (data not shown), but particularly evident at stage 33/34 (Fig. 2I ). Expression in both retina and lens is gone by stage 37/38 (Fig. 2J ). In summary, developing RGCs express robo2/Robo2, robo3, and slit1, while slit2 is expressed in the adjacent amacrine cell layer. Thus, Slit/Robo signalling could function in the differentiation of both RGC axons and dendrites.
Slit2 promotes dendrite branching in vitro
We took an in vitro approach to test the sufficiency of Slit in stimulating dendrite growth. RGCs produce rudimentary den-drites when explanted and dissociated from stage 32 embryos and grown in minimal media (Hocking et al., 2008) . Thus, stage 32 cultures were grown for 2 days in the presence of minimal media supplemented with conditioned media (CM) from either a stable cell line expressing human Slit2 or from control cells. Subsequently, the cultures were fixed, processed for immunocytochemistry using the antibodies b-tubulin, which labels all processes as verified by phase microscopy, and neurofilament associated antigen (NAA), which in vivo and in vitro is a RGC specific marker and labels only RGC axons and not their dendrites (Hocking et al., 2008) (Fig. 3A-H) . Thus the lack of NAA labelling identifies dendrite-like processes, as dendritic-specific antibodies, such as MAP2, are not effective in Xenopus. Next, the complexity of RGC dendrites exposed to either Slit2 or control CM was evaluated in a blind analysis. We found that Slit2 had no significant effect on the percentage of RGCs with primary dendrites ( Fig. 3I ; p > 0.05, paired Student's t-test), or on the average number or total length of primary dendrites per cell ( Fig. 3J and K) , but nearly doubled the percentage of cells with any dendritic branching ( Fig. 3L ; p < 0.05, paired Student's t-test). The average number of branch points per cell was similarly increased ( Fig. 3M ; p < 0.05, paired Student's t-test), but the average total branch length did not change significantly (Fig. 3N) . A similar increase in branching was observed when HEK cell CM was used as control (Control: 15.0% of RGCs had dendrites with branches, Slit2: 34.3%). In summary, these experiments demonstrate that Slit can promote the branching of RGC dendrites.
2.3.
Dominant negative Robo2 and Robo3 have differential effects on RGC dendrite formation As Slit was sufficient to promote dendrite branching, and RGCs express Robo receptors, we addressed the role of Robo signalling in RGC dendrite development by inhibiting Robo function in vivo using dominant negative (dn) Robo receptors similar to those previously found effective (Stein and TessierLavigne, 2001; Whitford et al., 2002) . RGCs express mRNA coding for Robo2 and Robo3, and so expression vectors with dominant negative forms of each receptor were prepared. A rat dnRobo2, which codes for a protein that lacks the entire cytoplasmic tail, was subcloned into a CS2 vector that adds a myc tag (MT) to the C terminus of the expressed protein. A similar dnRobo2 in zebrafish was able to phenocopy the excess axon branching observed in robo2 astray mutants (Campbell et al., 2007) . From the full-length robo3, we generated a similar dominant negative construct to that for robo2, and subcloned it into CS2-MT.
CS2-dnRobo2-MT and CS2-dnRobo3-MT were electroporated into the retinas of stage 27 Xenopus embryos, when RGCs are being born but have not yet initiated axons. Each construct was co-injected with CS2-GFP, and CS2-GFP alone was used as a control. At stage 40, embryos were fixed, cryostat sectioned and processed for anti-myc immunohistochemistry. The complexity of the GFP-labelled dendritic arbour was analyzed in each condition, and the anti-myc label was used only to check for dnRobo expression (Fig. 4) . Importantly, both dnRobo2 and dnRobo3 proteins were present within the dendrites of the transgene-expressing RGCs, and anti-myc immunoreactivity accurately reflected the dendritic morphology as revealed by GFP fluorescence. The analysis included counting the number of primary dendrites and branch points, and measuring the width of the dendritic arbour across the IPL, the total length of the primary dendrites for each cell, the total length of branches (i.e. not primary dendrites), and the overall length of the dendritic arbour. The slides with dnRobo2-or dnRobo3-expressing retinas were blinded prior to analysis. Of note, because displaced amacrine cells make up less than 10% of the population of the RGC layer in the Xenopus tadpole retina (Hiscock and Straznicky, 1990 ; Huang and , 1998; Rayborn et al., 1981) , it is likely that the population of transgene-expressing cells being evaluated is predominantly RGCs.
Moody
The predominant receptor mRNA expressed by RGCs in all species examined, including Xenopus, is robo2 (Erskine et al., 2000; Lee et al., 2001; Ringstedt et al., 2000) . In accordance, dnRobo3 had a moderate effect on dendritic arbour structure, whereas dnRobo2 caused a severe reduction in growth and branching (Figs. 4 and 5) . Compared to GFP-expressing cells (Fig. 4A ), dnRobo3-expressing RGCs (Fig. 4C ) extended dendrites with a similar number and average length of primary dendrites ( Fig. 5A and C), while branching was mildly impaired. The dendrites of dnRobo3-expressing cells formed 23% fewer branch points (Fig. 5B ), but this difference was not statistically significant. In addition, dnRobo3 caused a 35% decrease in the total length of the branches per cell (Fig. 5D ), although this decrease was insufficient to cause a significant change in the total dendritic length or arbour width (Fig. 5E and F) .
In comparison, the expression of dnRobo2 caused dramatic changes in dendrite extension and branching (Figs. 4B, D and 5) . While the number of primary dendrites extended from dnRobo2-expressing RGCs was similar to that of GFP controls (Fig. 5A ), there was a 54% decrease in the length of primary dendrites (Fig. 5C ), a 73% decrease in the total length of the branches (Fig. 5D ) and a 55% decrease in the total dendrite length (Fig. 5E) . Further, the dendrites of dnRobo2-expressing cells had a 65% reduction in the average number of branch points ( Fig. 5B ) and 50% decrease in arbour width (Fig. 5F ). Thus, dnRobo3 causes a mild, and dnRobo2 a dramatic, reduction in RGC dendrite growth and branching.
To ensure that the effects on dendrites were not secondary to a defect in RGC development, we tested whether the dnRobo-expressing cells in the RGC layer expressed RGC specific markers. Similar percentages of cells expressing GFP, dnRobo2 or dnRobo3 were immunopositive for Brn3C (GFP, 52%, n = 76; dnRobo2, 47%, n = 19; dnRobo3, 52%, n = 33), Pax6 (GFP, 90.3%, n = 31; dnRobo2, 94.1%, n = 17; dnRobo3, 93.8%, n = 48), and Islet-1 (GFP, 88%, n = 51; dnRobo2, 95.2%, n = 21; dnRobo3, 85.3%, n = 34) ( Fig. 4G-O ). These data argue that dnRobo-expressing RGCs express the appropriate markers and are not simply failing to differentiate down a RGC Robo1 expression is evident in the brain, otic vesicle and branchial arches (A). In stage 33/34 and 37/38 sections, robo1 label is present in the brain, but not in the retina (D-E). Robo2 is strongly expressed in migrating neural crest cells (B). Robo2 expression in the brain and eye is already strong at stage 33/34 (F), and becomes even more robust by stage 37/ 38 (G). Note the strong robo2 label in the GCL (**), with some weaker expression in the other retinal layers (F-G). (H) A Robo2 antibody was used to label a transverse cryostat section of a stage 37/38 retina. Robo2 protein is most readily detected in the RGCL (**) and the optic nerve head (arrowhead). The inset in H is an enlargement of the boxed region and shows a few RGCs and their dendrites (arrows) that are expressing Robo2. In wholemounts, robo3 mRNA is detectable in the brain, lens, branchial arches, and migrating cranial neural crest cells (C). A transverse section through a stage 33/34 embryo shows that robo3 mRNA is strongly expressed in the lens, but also weakly in the GCL (**, I). Expression in both locations is lost at stage 37/ 38 (J). Scale bar in D is 50 lm for D-G and I-J and 25 lm for H. A, anterior; br, brain; ba, branchial arches; D, dorsal; e, eye; L, lens; nc, neural crest cells; nr, neural retina; ot, otic vesicle; P, posterior; V, ventral. which labels all processes, and NAA (B, D, E, F), which labels only axons (arrows) and not dendrites (arrowheads). Scale bar is 10 lm for A-F and 5 lm for G and H. Red asterixes mark branch points. Note that G and H are enlarged views of the cells in E and F respectively, and have been inverted to improve visualization of dendritic processes. (I-N) Quantification of the effects of Slit2 on RGC dendrite growth and branching in vitro. There was no significant difference between COS-7 control CM and Slit2 CM in terms of the percentage of cells with primary dendrites (I, p > 0.05, paired Student's t-test), average number of primary dendrites (J), or average total length of primary dendrites per cell (K). However, in the cultures containing Slit2 CM, there was a significant increase in the percentage of cells that had branches coming off the primary dendrites (L; * p < 0.05, paired Student's t-test). Further, Slit2 CM-treated cells showed a similar increase in the average number of branch points (M; * p < 0.05, paired Student's t-test), but no change in the average total length of branches per cell (N). n = number of independent experiments. Numbers in brackets are the number of cells analyzed and error bars are SEM.
pathway. In agreement, cell polarity appeared conserved, with dendrites generated towards the inner plexiform layer, and dnRobo-expressing RGC axons found in the brain (see below).
To confirm the involvement of Robo2 in RGC dendrite branching, we inhibited Robo2 and Robo3 function in developing RGCs by electroporation of the eyes of stage 28 embryos with a fluorescence-tagged sense oligonucleotide or antisense oligonucleotides designed against Xenopus forms of Robo2 (AS-Robo2) or Robo3 (AS-Robo3). CS2-t Tomato was co-electroporated to visualize the morphology of stage 39 RGC dendrites. RGCs in AS-Robo2 electroporated retinas showed a significantly smaller average number of branch points (Sense, 1.5 ± 0.05, SEM, n = 4 independent experiments; AS-Robo2, 0.5 ± 0.1, p < 0.01, repeated measures ANOVA, Holm-Sidak post hoc test; AS-Robo3, 1.5 ± 0.1, p > 0.05) and total average branch length (Sense, 7.3 lm ± 0.8 lm, SEM, n = 4 independent experiments; AS-Robo2, 2.1 lm ± 0.5 lm, p < 0.01, repeated measures ANOVA, Holm-Sidak post hoc test; AS-Robo3, 7.1 lm ± 1 lm, p > 0.05) as compared to those in AS-Robo3 and sense oligonucleotide electroporated retinas. These data further support the idea that Robo2 mediates signals that promote RGC dendrite branching, and that Robo3 plays little or no role.
Since Robo signalling guides both RGC axons in various species and the dendrites of Drosophila motoneurons (Furrer et al., 2003) , we asked whether it functions in the guidance of RGC dendrites: Slit1 in the GCL could repel dendrites and/ or Slit2 in the INL could attract them. However, neither dnRobo construct caused an obvious effect on the direction of dendrite extension. A caveat is that dendrites and axons were differentiated based only on the site of process initiation: most dendrites are initiated from the half of the cell oriented towards the IPL (apical side), while the axon is usually initiated from the basal side. Nonetheless, we rarely observed processes that initiated from the apical side and then turned towards the vitreal surface.
2.4.
Robo2 and Robo3 are required for RGC axon outgrowth Xenopus RGC axons are repelled by Slit2 in vitro (Piper et al., 2006) and slit1 and slit2 are expressed in the brain near the developing optic tract (Fig. 6A-C) . Slit1 is found in the telencephalon, regions of the mid-diencephalon and the dorsal diencephalon (Fig. 6A) . Slit2 is expressed near the optic chiasm, around the pineal gland, and in the dorsal tectum (Fig. 6B) . Notably, these expression domains are near decision points for RGC axons (Fig. 6C) : axons cross to the contralateral side of the brain at the chiasm, make a caudal turn in the diencephalon ventral to the pineal gland, and pass through the anterior border of the tectum to enter the target. Thus, it is likely that the Xenopus optic projection depends on Slit/ Robo signalling for guidance, as shown in mouse and zebrafish (Fricke et al., 2001; Hutson and Chien, 2002; Plump et al., 2002; Thompson et al., 2006b,a) . Because Robo2 and Robo3 appear to have differential roles in RGC dendritogenesis, we investigated whether both receptors are required for the development of RGC axons.
To address the function of Robo2 and Robo3 in RGC axons, we electroporated CS2-dnRobo2-MT or CS2-dnRobo3-MT along with CS2-GFP into the retinas of stage 27 embryos. CS2-GFP alone served as the control. Embryos were fixed at stage 40 and the brains were dissected and processed for wholemount immunochemistry with an anti-GFP antibody for the controls and anti-myc for the dnRobo-expressing embryos ( Fig. 6D-I) . The brains were then analyzed for defects in extension and/or guidance of transgene-expressing RGC axons in a blinded fashion. Because in each experiment only a (N, O) . In all panels the cells are oriented so that the IPL would be at the top and the lens the bottom. Arrows point to primary dendrites extended by the RGCs. Note that dnRobo2-MT and dnRobo3-MT were expressed at lower transfection efficiencies than GFP. Scale bar is 5 lm.
few axons were labelled, the data from all sets was pooled. Importantly, RGC axons can navigate properly in the absence of their cell body (Harris et al., 1987) and so defects in dendrite development should not impact RGC axon behaviour.
The expression of dnRobo2 or dnRobo3 each caused similar defects in axon extension and guidance. First, fewer axons with impaired Robo signalling arrived at the tectum ( Fig. 6 ; dnRobo2: 24.7%, n = 77 axons, dnRobo3: 15.8%, n = 76), as compared to GFP-expressing axons (72.0%, n = 229; p < 0.001, Chisquare test). The ventral diencephalon was the most common region in which axons tips were found (Fig. 6F-H and J) , but many were also present in the mid and dorsal diencephalon ( Fig. 6F and J) . One explanation for the extension defects is that dnRobo expression delays RGC differentiation. This seems unlikely in that the dendritic arbours of RGCs were barely affected by dnRobo3 expression, and because for each group a similar percentage of the total transgene-expressing cell population was found in the RGCL at stage 35/36, almost a day earlier (data not shown). Second, unlike the control axons (0%, n = 229), some of the dnRobo-expressing axons made guidance errors (7.79%, n = 77 axons for dnRobo2, 7.89% n = 76 axons for dnRobo3; p < 0.001, Chi-square test): axons strayed into the telencephalon, missed the caudal turn in the middiencephalon and travelled dorsally towards the pineal gland (Fig. 6H-I) , and avoided the tectum (Fig. 6F) . Our analysis likely underestimated the number of guidance errors because it Fig. 5 -dnRobo2 -MT severely inhibits RGC dendritogenesis while dnRobo3-MT has only mild effects. (A-F) Quantification of the effects of the dnRobo2 and dnRobo3 on dendrite growth and branching. Graphs compare RGCs expressing GFP alone, dnRobo2-MT plus GFP or dnRobo3-MT plus GFP based on the average number of primary dendrites (A), the average number of branch points (B), the average total length of primary dendrites per cell (C), the average total length of the dendritic branches per cell (D), the average total dendritic length per cell (E), and the average width of the dendritic arbour (F). n = number of independent experiments. The numbers in brackets represent the numbers of cells analyzed. Error bars are SEM. Note that for one experimental set dendritic branching was not assessed. For statistical analyses One Way ANOVAs were performed, followed by Student-Newman-Keuls post hoc tests ( * p < 0.05; ** p < 0.01; *** p < 0.001).
fails to identify any axons that made errors and subsequently corrected their trajectories, or those with subtle guidance defects that are missed without a fully labelled optic projection for comparison. The sites where errors were made correspond both to where RGC axons made mistakes in slit1/slit2 mouse mutants (Thompson et al., 2006a) , and to regions of slit horseradish peroxidase-labelled optic tract (brown) is shown enroute to the tectum. RGC axons cross the midline at the optic chiasm, travel dorsally through the diencephalon, make a caudal turn (*) in the mid-diencephalon, and enter the tectum in the midbrain (approximate tectal border is shown with dotted line). Slit1 and slit2 are expressed near the optic chiasm and the mid-diencephalic turn, and are present dorsal to where the axons enter the tectum. (D-I) Retinas of stage 27 Xenopus embryos were electroporated with GFP alone or together with dnRobo2-MT or dnRobo3-MT. Embryos were fixed at stage 40, and brains were removed and processed for anti-GFP or anti-myc immunochemistry. The black cells are melanophores. (D-I) Lateral views of axons travelling in the contralateral optic tract of a control brain with GFP-expressing RGC axons (D), or of brains with axons expressing dnRobo2 (E-F) or dnRobo3 (G-I). In the control, axons come across the optic chiasm, make a caudal turn in the diencephalon (*) and innervate the tectum. Axons expressing dnRobo2 (E-F) or dnRobo3 (G) often end in the ventral or mid-diencephalon (arrowheads show the locations of the growth cones). Axon guidance errors were sometimes seen: In (F) one axon (arrows) makes an aberrant turn just anterior to the rostral border of the optic tectum (high power view of the area boxed on the wholemount brain shown in inset), while in (H-I), one of the dnRobo3-expressing axons missed the mid-diencephalic turn and travelled dorsally towards the pineal gland. I is a high power view of the boxed area in H, and numbers identify the three axon tips. Scale bar in D is 50 lm for D-E and G-H, 25 lm for F and 10 lm for I. A, anterior; D, dorsal; di, diencephalon; hb, hindbrain; oc, optic chiasm; pi, pineal gland; P, posterior; tec, tectum; tel, telencephalon; V, ventral. (J) Graph showing defects in axon extension upon inhibition of Robo signalling. The location of the growth cone for each GFP, dnRobo2 or dnRobo3-expressing axon was scored as being in the ventral diencephalon (di), mid-diencephalon, dorsal diencephalon, or at the tectum. The numbers in brackets represent the total numbers of axons analyzed for each condition. Data were pooled from four independent experiments. dnRobo2 and dnRobo3 each caused a significant change in the extension of RGC axons (p < 0.001, Chi-square test). expression in Xenopus. These data support the idea that Robo2 and Robo3, in addition to promoting axon extension, each act as repellent receptors for Slit in Xenopus RGC axons.
Discussion
Here we assessed the function of Slit/Robo signalling in the morphological development of Xenopus RGCs. RGCs express Robo mRNA and protein at the time they initiate dendrites and extend axons, while slit1 and slit2 are expressed in the vicinity of these developing processes. Slit2 significantly increased RGC dendritic complexity in vitro, likely via Robo2, in that blocking signalling with dnRobo2 or antisense Robo2 oligonucleotides in vivo produced RGCs with sparse dendritic arbours. Interestingly, blocking Robo2 and Robo3 caused similar defects in RGC axon extension and guidance, while dnRobo3 had only a mild effect on dendrite branching. These data argue that distinct receptor combinations function in axons and dendrites, which may in part explain the differential effects of Robo signalling in the two neurite types.
Expression patterns for slits and robos in Xenopus are similar to those seen in other species. Xenopus slit1 and slit2 are expressed in the retinal GCL and amacrine cell layer, respectively. Similarly, slit1b in zebrafish (Hutson et al., 2003) and slit2 in rodents are found in the INL, and mouse slit1 and rat slit1/slit2 are expressed in the GCL (Erskine et al., 2000; Ringstedt et al., 2000) . The expression patterns for robo genes in the Xenopus retina are also conserved. For instance, RGCs in zebrafish and rat express little or no robo1, but considerable robo2 (Fricke et al., 2001; Lee et al., 2001; Ringstedt et al., 2000) . Interestingly, robo3 expression in the zebrafish retina is weak (Challa et al., 2001; Lee et al., 2001) , while in mouse the robo1 pattern is reminiscent of Xenopus robo3: low in RGCs and high in the lens (Erskine et al., 2000; Plachez et al., 2008) . Given the conserved requirement for Slit/Robo in mediating RGC axon guidance, the similarity in retinal expression pattern argues for a conserved retinal role.
We propose a model whereby Robo2 is a major regulator of dendrite extension and branching. Robo2 protein is expressed on RGC dendrites, dnRobo2 caused a dramatic inhibition of dendrite growth and Slit2 in culture promoted dendrite branching. Notably, while we used a rat dnRobo2, Robo receptors are highly conserved between species and divergence occurs mostly in the cytoplasmic region missing from the dominant negative. The specificity of the dnRobo2 effect on dendrite branching was strongly supported by the observation that AS-Robo2 but not AS-Robo3 phenocopied the defect. Our data also argue that Robo3 is less important in dendrite development: robo3 is present at low levels in Xenopus RGCs, and the dnRobo3 had only a mild effect on dendrite development. The fact that dnRobo2 and dnRobo3 had similar effects on axon development suggests it is unlikely that lower expression levels of dnRobo3 than dnRobo2 protein in RGCs could account for the weak inhibition of dendrite outgrowth observed with the dnRobo3 construct. Indeed, we observed that dnRobo3 expression in retinal cells was more robust than that of dnRobo2, and that the AS-Robo2 but not the AS-Robo3 oligonucleotide impaired RGC dendrite branching. The alternative possibility that the rat dnRobo2 is better at sopping up Xenopus Slit protein than Xenopus dnRobo3 also seems unlikely given the oligonucleotide data and the fact that the dnRobo2 and dnRobo3 exhibited similar effectiveness at impairing RGC axon guidance. More likely, the weak or absent effects of the dnRobo3 mutant and AS-Robo3, respectively, are explained by minimal participation of Robo3 in the dendrites. In fact, it is possible that Robo3 is altogether absent from the dendrites, and that the dnRobo3 actually weakly inhibits Robo2. Robo3 can bind Robo1 in vitro (Camurri et al., 2005) , though binding between Robo2 and Robo3 has not yet been reported. Thus our data argue strongly that Robo2 is the major Slit receptor promoting RGC dendritogenesis.
Several lines of evidence support that actions of dnRobo proteins on dendrite formation were specific to Robo signalling. First, a similar dnRobo2 in zebrafish was able to phenocopy the excess axon branching observed in robo2 astray mutants (Campbell et al., 2007) . Second, the dnRobos had no effect on the number of primary dendrites, suggesting that the cells are viable and can extend dendrites. Indeed, RGCs expressed the appropriate cell-type markers. Importantly, disruption of Xenopus RGC axon and dendrite development appear to be separate events, as defects in axon growth need not be accompanied by problems in dendritogenesis (unpublished observations). Most telling, however, were the findings that Slit2 applied to RGCs in vitro gave the expected opposite dendritic phenotype to that observed with Robo inhibition and an AS-Robo2 reproduced the dnRobo2 dendrite branching phenotype. Thus, our data argue that Robo2 transduces a Slit signal that positively controls arbour formation.
Slits are the only known ligands for Robos, other than possible receptor interactions (Hivert et al., 2002) , and our data suggest that Slits are indeed the ligands for Robos on RGC dendrites. The fact that slit1 is expressed in the GCL at the time RGCs first initiate dendrites, and yet dnRobo caused no change in primary dendrite numbers or guidance, argues against Slit1 controlling RGC dendrite development. Instead, Slit1 may guide RGC axons towards the optic nerve head (Jin et al., 2003; Thompson et al., 2006b) . Slit2, on the other hand, is a good candidate branching factor: slit2 mRNA appears in amacrine cells once the primary dendrites have extended and Slit2 promotes RGC dendritic branching in vitro. Given the known guidance role played by Slit/Robo for RGC axons (Erskine and Herrera, 2007) and Drosophila motoneuron dendrites (Furrer et al., 2003) , it is intriguing that dnRobos caused no dendrite guidance defects.
As expected (Fricke et al., 2001; Hutson and Chien, 2002) , we saw pathfinding errors by some dnRobo-expressing axons. Their low penetrance could reflect either the fact that the few mutant axons are aided by the vast excess of wild type axons, mutant axons self-correct, or Robo2 and Robo3 receptors function redundantly. The complementary role of Robo2 and Robo3 in RGC axons is in contrast to what occurs in the mouse spinal cord, where Robo3 blocks the function of Robo1 (Sabatier et al., 2004) , and in the zebrafish tract of the postoptic commissure, where Robo2 opposes Robo1 and Robo3 in maintaining fasciculation (Devine and Key, 2008) . Thus, interactions between Robos appear to have distinct consequences depending on the particular circumstance. The mechanism by which Robo3 can act bifunctionally to either mimic or inhibit Robo1 and Robo2 function will need to be determined.
Our data suggest a Slit-independent function for Robo receptors in axon extension. Indeed, Slit2 did not stimulate RGC axon extension in vitro (data not shown), Slit causes RGC growth cone collapse and RGC axons avoid Slit-expression domains (Piper et al., 2006; Thompson et al., 2006a) . Instead, Robos could promote axon growth through homophilic signalling between receptors expressed on adjacent axons (Hivert et al., 2002) . Thus, dnRobo-expressing axons may fail to interact with their neighbours and so extend at a slower rate than normal. Intriguingly, axon defasciculation but not extension defects were part of the phenotype observed in zebrafish astray mutants lacking Robo2 (Fricke et al., 2001; Hutson and Chien, 2002) . Possibly, all axons extend normally in the complete absence of Robo2, because no one is at a competitive disadvantage. In contrast, the few dnRobo-expressing axons fail to keep up with their wild type counterparts. The fact that intracellular signalling is reportedly required for the adhesive effect of Robos (Hivert et al., 2002) argues against the possibility that excess truncated Robo protein on the cell membrane enhances fasciculation through homotypic interactions. Thus, Robo receptors might mediate interactions between axons in a Slit-independent fashion at the same time as sensing Slit as a repellent molecule.
The results here point to a scenario whereby RGC axons respond to Slits as guidance factors, but their dendrites see Slits mainly as branching and extension factors. Interestingly, Slit1a suppresses axonal branching within the zebrafish tectum, via both Robo2 and an unknown receptor (Campbell et al., 2007) . How a single receptor, Robo2, can both positively and negatively control branching is an intriguing question. Potentially, the distinct actions of Robo2 in the two neurite types might reflect differences in the axon and dendrites in terms of the expressed Robo receptor complement (Englund et al., 2002) , the presence of additional interacting receptor signalling pathways , or the particular Robo downstream signalling proteins (Polleux et al., 2000) . A better understanding of the signalling pathways that act downstream of Robo2 and/or Robo3 will be needed before this latter possibility can be addressed.
In summary, RGC morphology is sculpted by Slit/Robo signalling. Interestingly, the growth of both axons and dendrites appears to require Robo signalling, but the specific receptors, ligands and signal transduction mechanisms likely differ. Furthermore, while Robo signalling is important for the guidance of RGC axons, the directional cue(s) that guides RGC dendrites remains unknown. Other factors also probably control the early branching of the dendritic arbour, in that the dendritic trees generated in vitro in the presence of Slit2 are still simpler than those observed in vivo. In the future, we will need to identify these factors and how they cooperate with Slit/Robo to generate the unique morphology of a RGC.
4.
Experimental procedures
Animals
X. laevis embryos were obtained by in vitro fertilization of eggs produced by females who had been primed with human chorionic gonadotrophin (Chorulon; Intervet, Whitby, Ontario, Canada). Embryos were reared in 0.1X Marc's Modified Ringer's solution (MMR; 0.1 M NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM HEPES, pH 7.5) at 16-25°C and staged according to established criteria (Nieuwkoop and Faber, 1994) . Animal protocols were approved by the University of Calgary Animal Care Committee.
cDNA templates
Antisense riboprobes were synthesized using T7, T3, or SP6 RNA polymerases (Promega), digoxigenin-(DIG; Roche, Basel, Switzerland) or dinitrophenyl-(DNP; Perkin Elmer, Waltham, MA) labelled nucleotides, and linearized cDNA templates. The following X. laevis cDNAs were used as templates to transcribe antisense riboprobe for in situ hybridization: (a) slit1: Full-length slit1 cDNA (GenBank accession number; GI: 27924407) is an IMAGE clone obtained from Open Biosystems (IMAGE: 4930809). (b) Slit2: A large C-terminal portion of the full-length construct (GI: 15636792) (Chen et al., 2000) . (c) Robo1: A partial sequence cDNA of robo1 (GI: 147899488) was kindly provided by Dr. B. Key (University of Queensland, Brisbane, Australia) (Connor and Key, 2002) . (d) Robo2: Fragments of robo2 were isolated by PCR amplification using cDNA obtained from stage 33/34-35/36 X. laevis embryos. Two sets of primers were designed based on the predicted sequence of the X. tropicalis robo2 gene (Ensembl genome version 3.0) (Robo2PCRF2: TCTGGCACCTATACTTGTG TGGCTA, Robo2PCRR2: AATAGCAGCATCCACTGTCTTGTTG, Robo2PCRF3: AGAACATTATGGCCTTGAACACCAG, Robo2PCRR3: TGTCACAGAACTGTCGAGATTATCCA). PCR products were subsequently cloned into the pCRII-TOPO vector (Invitrogen, Eugene, OR). The two fragments contained 901 and 447 nucleotides, respectively, each with a 94% identity to the corresponding region of the predicted X. tropicalis robo2 (data not shown). In situ hybridization patterns were identical and are shown for the smaller fragment in Fig. 2 . (e) Robo3: The X. tropicalis genome sequence was also used to identify two X. laevis IMAGE clones containing overlapping robo3 ESTs (IMAGE: 3475600, GI: 39734627; IMAGE: 4964944, GI: 39734328), each of which was obtained from Open Biosystems.
4.3.
Identification of the full-length X. laevis robo3
The technique of rapid amplification of cDNA ends (RACE), as per the Marathon cDNA Amplification kit (Clontech, Mountain View, CA), was used to isolate X. laevis robo3. Briefly, Poly A+ RNA was purified from stage 33/34-35/36 embryos using the RNAeasy kit (Qiagen Inc., Mississauga, Ontario, Canada), and converted to double stranded cDNA. Marathon cDNA adaptors were ligated onto the ends of the cDNA. One reverse and two forward primers were used together with adaptorspecific primers to PCR amplify the overlapping 5 0 and 3 0 ends of robo3 (5 0 RaceA: GACAGTGGATCGGCAAGCTCAGTTCAT, 3 0 RaceA: TGATACTGCTT-GAGGAGGAGCACTTGGA, 3 0 RaceB: CCACTTCCACACGGTAAAGCACTCCAG). These were based on the sequences of the two robo3 ESTs (see above). 5 0 and 3 0 sequences of robo3 were amplified from the isolated cDNA using a touchdown PCR protocol and Advantage 2 polymerase (Clontech). PCR products were cloned into the pCRII-TOPO vector (Invitrogen), and sequenced. The 5 0 and 3 0 RACE se-quences partially overlapped, and restriction enzyme digestion with ApaI and StuI and posterior ligation was used to generate the robo3 cDNA containing the full coding region within pCRII-TOPO vector. The sequence has been submitted to the GenBank database (accession number GU196303). The Xenopus robo3 appears to correspond to the alternatively spliced robo3B isoform previously identified in human and shown to interact with Slit1 (Camurri et al., 2005) .
Wholemount in situ hybridization
In situ hybridization was performed as described previously (Harland, 1991) , with minor modifications as detailed earlier . Some of these embryos were cut into 50 lm sections using a Leica VT1000S vibratome (Leica, Wetzlar, Germany). Here, and elsewhere, digital pictures of samples were taken with either a SPOTII camera and SPOT Advanced software (Diagnostic Instruments, Sterling Heights, MI), or a Zeiss AxioCam MRm camera and Axiovision 3.1 software (Carl Zeiss Canada Ltd., Toronto, Ontario, Canada), and later processed for contrast and brightness with Adobe Photoshop CS2 (Adobe Systems, San Jose, CA).
Dissociated retinal cultures
Cultures were performed as described previously (Harris and Messersmith, 1992; Hocking et al., 2008) . Briefly, eyebuds were dissociated from stage 32 embryos and plated onto a coverslip in 2 mL of L15 media (Invitrogen). One hour after plating, 500 lL of media was removed and replaced with either 500 lL of 2-3 day COS-7 or HEK cell conditioned media (CM) for the controls, or HEK cells stably expressing human Slit2 (kindly provided by Dr. Y. Rao, Northwestern University). The bathing solution was replaced after 1 day with new CM media. After 48 h, the cultures were fixed in 2% paraformaldehyde (PFA) in 1X phosphate buffered saline (PBS; pH 7.4) overnight at 4°C.
Expression constructs and oligonucleotides
The dominant negative Robo receptors were subcloned into the CS2 expression vector that adds a six-myc tag (MT). CS2-GFP was used as a control in all experiments, and was co-injected with the experimental construct for the analysis of cell morphology. A rat dnRobo2, kindly provided by Dr. A. Ghosh, was transferred from the pSecTag vector, together with the human Igj signal sequence, into CS2-MT. A dnRobo3 was constructed from the full-length X. laevis robo3 (see below) by amplifying the sequence encoding the extracellular and transmembrane regions, but not the cytoplasmic region, similar to the dnRobo2 construct. This fragment was ligated into CS2-MT to create CS2-dnRobo3-MT. Antisense (AS) modified-oligonucleotides were synthesized based on the X. laevis mRNA sequences for AS-xrobo2 (AGCAGCATCCACTGTCT TGTTGA) and AS-xrobo3 (CGCTGGACTTGCCTATGATCAAC), and a sense oligonucleotide for xsema3A (NM_001085855.1: nt 209-231). Oligonucleotides were phosphorothioate modified to resist enzymatic degradation (Lennox et al., 2006) , and contained a 6-carboxyfluorescein-aminohexylphosphate (6-FAM) at the 5 0 end for visualization purposes.
Electroporation
Transgene expression was achieved using an electroporation protocol adapted from (Haas et al., 2002) and described previously (Chen et al., 2007) . Following electroporation, embryos developed at room temperature in 0.1X MMR until stage 40, and were then fixed overnight at 4°C in 4% PFA and processed for immunochemistry.
Antibodies
Mouse monoclonal antibodies from the Developmental Studies Hybridoma Bank (DSHB; Iowa City, IA) include antineurofilament associated antigen (NAA; 3A10; 1:100), anti-Islet-1 (394D5; 1:80), Zn12 (1:40), anti-Calbindin (1:200), and anti-myc (9E10; 1:500). Other antibodies used are as follows: goat anti-Robo2 (R&D Systems, Minneapolis, MN; 1:20), rabbit or mouse anti-GFP (Invitrogen; 1:400), anti-Brn3C (Santa Cruz Biotechnology, Santa Cruz, CA; 1:100), rabbit anti-GABA (Sigma-Aldrich Co.; 1:300), rabbit anti-myc (Santa Cruz Biotechnology; 1:500), and mouse or rabbit anti-hemagglutinin (HA; Covance, Princeton, NJ; 1:500). Secondary antibodies include AMCA-(1:250) and peroxidase-(1:500) conjugated goat antimouse and goat anti-rabbit antibodies (Jackson ImmunoResearch Laboratories Inc, West Grove, PA), and Alexa 546-(1:1000) or Alexa 488-(1:1000) conjugated goat antimouse and goat anti-rabbit antibodies (Invitrogen).
Immunochemistry
Immunochemistry was performed on retinal cultures, tissue sections, and whole embryos as previously described (Cornel and Holt, 1992; McFarlane et al., 1995) . For cultures and tissue sections, fluorescently-tagged secondary antibodies diluted 1:250-1:1000 were used. For wholemounts, antibodies were visualized with a brown diamino benzidine (DAB; Sigma-Aldrich Co.) reaction product, brains were dehydrated, cleared and mounted in Permount (Fisher Scientific Company).
Dendrite analysis
For in vivo dendrite analysis, GFP positive cells in the ganglion cell layer were analyzed on a fluorescent Zeiss Axioscope, and several photos taken at different focal planes for the measurement of each cell. Notably, the relatively early developmental stage (stage 39) and use of sectioned tissue meant that the dendritic arbours were reasonably simple to analyze in this manner. The following parameters were measured: the total length and number of primary dendrites per cell (processes that extended directly from the cell soma and grew towards the IPL); the width of the whole arbour parallel to the IPL at the location of the cell body; the total length of branches; the total dendrite length, and the number of branch points (any site where a dendrite split to produce two or more branches). In vitro, RGCs were identified as those cells immunopositive for NAA (Hocking et al., 2008) , and dendrites were identified as those processes that expressed btubulin, but exhibited little or no NAA immunolabelling. The percentages of cells with primary dendrites and with dendritic branching were assessed, as well as the average to-tal lengths of the primary dendrites and branches. Finally, the average numbers of primary dendrites and branch points per cell were calculated. Statistical analysis was performed using Sigma Stat (Systat Software, Inc., San Jose, CA).
